Introduction {#s1}
============

Successful interventions that increase healthy longevity in people could have profound benefits for quality of life, productivity, and reduced healthcare costs ([@bib13]; [@bib21]). The drug rapamycin is a promising candidate for such an intervention, as it has been shown to increase lifespan in numerous species ([@bib18]) and to delay or reverse multiple age-associated phenotypes in mice including cognitive decline ([@bib14]; [@bib23]), cardiac dysfunction ([@bib8]; [@bib12]), immune senescence ([@bib7]), and cancer ([@bib2]). Recently, a six week treatment with the rapamycin derivative RAD001 was reported to improve immune function in elderly people, as measured by response to influenza vaccine ([@bib24]), suggesting that at least some of the effects on aging in mice are conserved in humans. Despite these impressive results, the utility of rapamycin or other mTOR inhibitors to delay aging may be limited by side effects. The high doses of rapamycin and its derivatives used clinically to prevent organ transplant rejection are associated with adverse events, including impaired wound healing, edema, elevated circulating triglycerides, impaired glucose homeostasis, gastrointestinal discomfort, and mouth ulcers ([@bib4]; [@bib9]). While many of these side effects have not been observed in mice at the lower doses that extend lifespan, chronic treatment with encapsulated rapamycin (eRapa) in the diet at 14 ppm has been reported to cause gonadal degeneration in males, increased risk of cataracts, and impaired response to a glucose tolerance test ([@bib32]; [@bib22]).

Results {#s2}
=======

Based on the premise that transient treatment with rapamycin during middle-age might be more suitable for clinical efforts to promote healthy aging than continuous treatment throughout life, we set out to investigate whether a single three-month treatment regimen can extend lifespan and healthspan in C57BL/6JNia mice starting at 20--21 months of age. We initially used a treatment regimen consisting of intraperitoneal (i.p.) injections of 8 mg/kg rapamycin daily for 90 days. This dose was selected because we have previously found that it increases survival and alleviates disease phenotypes in short-lived mouse models of dilated cardiomyopathy, muscular dystrophy, and the severe mitochondrial disease Leigh Syndrome ([@bib30]; [@bib20]). Based on efficacy in the Leigh Syndrome mouse model and serum drug levels in wild type mice, we estimate that this treatment regimen is comparable to dietary delivery of eRapa at approximately 378 ppm ([@bib19]), or 27-fold higher levels than initially shown to extend lifespan in mice when continuous treatment is initiated at either 9 months or 20 months of age ([@bib16]; [@bib26]). Because prior studies have noted differences in the magnitude of lifespan extension following continuous rapamycin treatment in male versus female animals ([@bib16]; [@bib26], [@bib27]), we examined the effect of this regimen in both sexes independently. Serum rapamycin levels did not differ significantly between male and female animals in our study ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

During the three-month treatment period, we noted a significant decline in body weight of male mice receiving rapamycin injections relative to vehicle treated controls ([Figure 1A](#fig1){ref-type="fig"}), although food intake remained similar during the treatment ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). Decreased body weight persisted for several weeks following cessation of treatment ([Figure 1A](#fig1){ref-type="fig"}). This was accompanied by a striking increase in median life expectancy from the end of treatment of 60% (p=0.02, [Figure 1B](#fig1){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}) and an increase in overall median lifespan from birth of 16% (p=0.03, [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}). This effect is larger than both the absolute and relative magnitude of lifespan extension resulting from continuous treatment to death with 14 ppm eRapa starting at around the same age in UMHET3 mice ([@bib16]). The longest-lived rapamycin-treated male in our cohort survived for 710 days post treatment to approximately 1400 days of age. Based on a survey of the literature, this is likely one of the longest-lived wild type C57BL/6 animals ever reported.10.7554/eLife.16351.003Figure 1.Rapamycin injection at 8 mg/kg/day for 3 months extends life expectancy of male mice.(**A**) Body weight of male mice measured weekly after starting rapamycin and vehicle treatment. Data are indicated as mean ± s.e.m. \*p\<0.05. \*\*p\<0.01. (**B**) Survival of control and rapamycin-treated male mice following the end of treatment. p=0.02. N=18 vehicle injected, N=17 rapamycin.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.003](10.7554/eLife.16351.003)10.7554/eLife.16351.004Figure 1---figure supplement 1.Rapamycin serum level does not differ between female and male mice.Blood levels of rapamycin in mice 24 hr after finishing daily i.p. injections for 3 months. p=0.359. Females, N = 16. Males, N = 16. Data are indicated as mean ± s.e.m.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.004](10.7554/eLife.16351.004)10.7554/eLife.16351.005Figure 1---figure supplement 2.Food intake of male mice receiving 8 mg/kg/day i.p. rapamycin or vehicle injections.Food intake measured weekly by weighing the food given to each cage and the food remaining on the wire rack in each cage.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.005](10.7554/eLife.16351.005)10.7554/eLife.16351.006Figure 1---figure supplement 3.Survival plots of male mice treated with 8 mg/kg/day i.p. rapamycin for 90 days starting around 600 days of age.Gray box approximately indicates treatment period. Note: although the curves start at age=0 to represent all of life, we have no data on animals that may have died in this cohort prior to receipt from NIA (dashed lines). N=18 vehicle injected, N=17 rapamycin.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.006](10.7554/eLife.16351.006)10.7554/eLife.16351.007Figure 1---figure supplement 4.Inclusion of non-age-related deaths does not alter survival outcomes.Lifespan curve of male mice injected with either vehicle or 8 mg/kg/day rapamycin including deaths during the treatment period from non-age-related causes. N=20 vehicle injected, N=20 rapamycin.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.007](10.7554/eLife.16351.007)10.7554/eLife.16351.008Table 1.Sex-segregated comparison of median and mean post-treatment life expectancy for mice receiving rapamycin by injection (8 mg/kg/day) or feeding (128 ppm). M: males, F: females.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.008](10.7554/eLife.16351.008)Median life expectancy (days)Percent life expectancy increaseMean life expectancy (days)Percent life expectancy increaseVehicle M231235Rapamycin (8mg/kg/day) M3726135853Vehicle F161177Rapamycin (8mg/kg/day) F1610171-3Eudragit M193199Rapamycin (126 ppm) M27944.624221Eudragit F184175Rapamycin (126 ppm) F256392403710.7554/eLife.16351.009Table 2.Sex-segregated comparison of median and mean lifespan for mice receiving rapamycin by injection (8 mg/kg/day) or feeding (128 ppm). M: males, F: females.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.009](10.7554/eLife.16351.009)Median lifespan (days)Percent median lifespan increaseMean lifespan (days)Percent mean lifespan increaseVehicle M925929Rapamycin (8mg/kg/day) M105414105013Vehicle F847858Rapamycin (8mg/kg/day) F8470853-1Eudragit M914912Rapamycin (126 ppm) M1037149848Eudragit F879883Rapamycin (126 ppm) F96099518

This rapamycin regimen also resulted in a decline in body weight of female mice together with an increased trend of food intake in vehicle-treated animals with time ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}); however, we failed to detect a similar increase in post-treatment survival and lifespan in females (p=0.261, [Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, [Tables 1](#tbl1){ref-type="table"}--[2](#tbl2){ref-type="table"}). Cox proportional hazards regression with robust standard errors and adjusting for cohort indicated significant evidence of a treatment difference between male and female mice (p=0.023). We speculated that this lack of lifespan extension results from an increase in aggressive hematopoietic cancers in the rapamycin treated females. Histopathological analysis showed that while 6/12 control females had round cell tumors (lymphoma and histiocytic sarcoma of hematopoietic origins), comparable to previous studies in C57BL/6 mice ([@bib6]; [@bib31]), all the rapamycin-treated females examined (16 out of 16) had round cell tumors ([Figure 3A,B](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, p=0.002). Additionally, an uncommon variant of lymphoma with plasmacytoid morphology affected 4 out of 16 mice examined in the rapamycin group and no vehicle treated mice ([Figure 3A](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1A,B](#fig3s1){ref-type="fig"}). Round cell tumors affected more organs in rapamycin treated females, with multiple (≥2) organs affected in all of the rapamycin treated females compared to only 3 vehicle treated females ([Figure 3C](#fig3){ref-type="fig"}, p=0.01). Together, these data indicate a more aggressive phenotype of hematopoietic tumors in the high dose rapamycin treated females. In contrast, the incidence of non-hematopoietic neoplasms was dramatically decreased in the rapamycin group ([Figure 3D](#fig3){ref-type="fig"}). Nine non-hematopoietic neoplasms (5 pituitary adenomas, and 2 pulmonary adenomas, and 2 thyroid adenomas) were detected in 7 out of the 12 examined vehicle treated mice; whereas, only 1 out of 16 rapamycin treated females had non-hematopoietic neoplasia (1 pituitary adenoma) ([Figure 3D](#fig3){ref-type="fig"}, p=0.004).10.7554/eLife.16351.010Figure 2.Rapamycin injection at 8 mg/kg/day for 3 months does not increase life expectancy of female mice.(**A**) Body weight of female mice measured weekly after starting rapamycin and vehicle treatment. Data are indicated as mean ± s.e.m. \*p\<0.05, \*\*p\<0.01 (**B**) Survival of control and rapamycin-treated female mice following the end of treatment. p=0.261. N=20 vehicle injected, N=20 rapamycin.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.010](10.7554/eLife.16351.010)10.7554/eLife.16351.011Figure 2---figure supplement 1.Survival plots of female mice treated with 8 mg/kg/day i.p. rapamycin for 90 days starting around 600 days of age.Note: although the curves start at age=0 to represent all of life, we have no data on animals that may have died in this cohort prior to receipt from NIA (dashed lines). Gray box approximately indicates treatment period. N=20 vehicle injected, N=20 rapamycin.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.011](10.7554/eLife.16351.011)10.7554/eLife.16351.012Figure 2---figure supplement 2.Food intake of female mice receiving 8 mg/kg/day i.p. rapamycin or vehicle injections.Food intake measured weekly by weighing the food given to each cage and the food remaining on the wire rack in each cage.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.012](10.7554/eLife.16351.012)10.7554/eLife.16351.013Figure 3.Rapamycin injection at 8 mg/kg/day for 3 months alters cancer incidence of female mice.(**A**) Hematoxylin and eosin (H&E) sections of multisystemic aggressive lymphoma (top) and atypical plasmacytoid lymphoma (bottom) from rapamycin-treated female mice. Arrows indicate a bizarre mitotic figure (top) and round cells with strongly eosinophilic cytoplasm (plasmacytoid morphology, bottom). Original magnification 60x. Bar = 10 µm. (**B**) Hematopoietic cancer incidence of rapamycin-treated (16 female) and vehicle-treated (12 female) mice. (**C**) Incidence of multiple organ invasion of hematopoietic tumors in rapamycin-treated (16 female) and vehicle-treated (6 female) hematopoietic tumor-bearing mice. (**D**), Non-hematopoietic cancer incidence of rapamycin-treated (16 female) and vehicle-treated (12 female) mice. \*p\<0.05. \*\*p\<0.01.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.013](10.7554/eLife.16351.013)10.7554/eLife.16351.014Figure 3---figure supplement 1.Morphologies of aggressive hematopoietic tumors observed in rapamycin injected females.H&E sections of 3 representative hematopoietic tumor types observed in rapamycin treated female mice. Lower magnification (**A**, **C**, **E**. Original magnification 4x) represents an uncommon site of invasion for hematopoietic tumors in C57BL/6 mice. Higher magnification (**B**, **D**, **F**. Original magnification 40x. The region is approximately indicated by the box in **A**, **C**, **E**, respectively) shows the morphology of each cancer cell type. (**A**) Sheets of neoplastic round cells infiltrate the soft tissues of the head including the Harderian gland (\*) and retrobulbar musculature (indicated by box). (**B**) Neoplastic round cells have a plasmacytoid morphology characterized by an eccentric nucleus, perinuclear halo, and occasionally strongly eosinophilic cytoplasm. (**C**) A round cell neoplasm morphologically consistent with histiocytic sarcoma in a high dose rapamycin treated female expands and infiltrates the meninges (\*) and soft tissues of the head (indicated by box). (**D**) A round cell neoplasm morphologically consistent with histiocytic sarcoma. Neoplastic histiocytes with abundant eosinophilic cytoplasm and occasional multinucleated giant cells separate and surround nerves. (**E**) Subcutaneous round cell neoplasm in a high dose rapamycin treated female associated with severe necrosis (\*). Box indicates neoplasm composed of sheets of neoplastic lymphocytes. (**F**) Neoplastic lymphocytes have scant to moderate cytoplasm, marked anisocytosis and anisokaryosis, and frequent mitotic cells.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.014](10.7554/eLife.16351.014)10.7554/eLife.16351.015Figure 3---figure supplement 2.Cancer incidence of male mice with rapamycin injection at 8 mg/kg/day for 3 months.(**A**) Hematopoietic cancer incidence of rapamycin-treated (15 male) and vehicle-treated (14 male) mice. (**B**) Incidence of multiple organ invasion of hematopoietic tumors in rapamycin-treated (9 male) and vehicle-treated (14 male) hematopoietic tumor-bearing mice. (**C**) Non-systemic hematopoietic cancer incidence of rapamycin-treated (15 male) and vehicle-treated (14 male) mice. \*\*p\<0.01.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.015](10.7554/eLife.16351.015)

Both control and rapamycin treated male cohorts had a high incidence of systemic round cell neoplasia which affected ≥2 organs, and had an intravascular component and a morphology most consistent with histiocytic sarcoma, although immunohistochemistry was not performed ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). Several male mice also had eosinophilic (hyaline) protein droplets in the renal tubules consistent with lysozyme accumulation associated with histiocytic sarcoma ([@bib15]). Of the examined vehicle treated males, all (14 out of 14) had hematopoietic neoplasia affecting at least one organ. Additionally, 7 other types of neoplasia were detected on histopathology from the vehicle treated male group, including 1 gastric neoplasia, 1 thyroid adenoma, and 5 pulmonary adenomas. One male mouse had a subcutaneous facial mass characterized by sheets of round cells, most consistent with an extramedullary plasma cell tumor or mast cell tumor. Rapamycin treated males also had a high incidence of systemic round cell neoplasia affecting at least one organ (9 out of 13). In the rapamycin treated male group, 12 additional non-round cell tumors were detected on histopathology, including 1 hepatocellular carcinoma, 2 intestinal adenomas, 1 splenic hemangiosarcoma, 5 pulmonary adenomas, 1 pulmonary carcinoma, 1 thyroid adenoma, and 1 Zymbal's gland adenoma ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). In the male group, no cases of systemic lymphoma with plasmacytoid morphology were seen. Although the number of mice examined is relatively small, based on these observations we speculate that this regimen of rapamycin treatment induced the detrimental side effect of aggressive hematopoietic cancers specifically in female mice, which occurred earlier in life and were sufficient to prevent lifespan extension in these animals despite other beneficial effects, such as reduced non-hematopoietic cancers. When data from both sexes are pooled together, daily injection of 8 mg/kg rapamycin for three months resulted in a non-significant (p=0.16) increase in life expectancy of 23% ([Table 3](#tbl3){ref-type="table"}). Between randomization and the end of treatment, 5 male mice (3 vehicle, 2 rapamycin) died of non-age related causes and were excluded from the analysis. Their inclusion in the analysis of survival does not significantly affect the results as described above ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}).10.7554/eLife.16351.016Table 3.Sex-pooled comparison of median and mean post-treatment life expectancy for mice receiving rapamycin by injection (8 mg/kg/day) or feeding (128 ppm).**DOI:** [http://dx.doi.org/10.7554/eLife.16351.016](10.7554/eLife.16351.016)Median life expectancy (days)Percent life expectancy increaseMean Life expectancy (days)Percent life expectancy increaseVehicle188204Rapamycin (8mg/kg/day)2312225726Eudragit190188Rapamycin (126 ppm)2704225737

In order to assess whether transient treatment with a lower dose and different delivery of rapamycin might reduce side effects in female mice and increase lifespan in both sexes, we utilized dietary eRapa at 126 ppm. Mice were fed a diet containing eRapa or the encapsulation control eudragit diet for 90 days starting at 20--21 months of age and then returned to a standard chow diet. In contrast with the effects of daily injection of 8 mg/kg rapamycin ([Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}), body weight and food intake were largely unaffected by this dietary rapamycin regimen ([Figure 4 A,C,E](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), except for a transient, small increase in body weight in female mice fed eRapa, as determined by Student's t test ([Figure 4E](#fig4){ref-type="fig"}). Median post-treatment life expectancy was significantly increased by 42% when female and male animals were considered together (p=0.002, [Figure 4B](#fig4){ref-type="fig"}, [Table 3](#tbl3){ref-type="table"}) and overall lifespan was increased by 13% (p=0.003, [Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}, [Table 4](#tbl4){ref-type="table"}). Similar results were observed stratifying on sex; three months of 126 ppm eRapa administration significantly increased post-treatment survival in both males and females independently ([Figure 4D,F](#fig4){ref-type="fig"}, [Figure 4---figure supplement 2B,C](#fig4s2){ref-type="fig"} and [Tables 1](#tbl1){ref-type="table"}--[2](#tbl2){ref-type="table"}). Cox proportional hazards regression with robust standard error estimates did not find evidence that sex modifies the treatment effect (p=0.904). Between randomization and the end of treatment, 1 male mouse died of non-age related causes and was excluded from the analysis. Its inclusion in the analysis does not significantly affect the results as described above ([Figure 4---figure supplement 3A,B](#fig4s3){ref-type="fig"}).10.7554/eLife.16351.017Figure 4.Rapamycin feeding at 126 ppm for 3 months extends life expectancy.(**A**, **C**, **E**) Body weight of (**A**) sex-pooled, (**C**) male, and (**E**) female mice measured weekly after starting rapamycin and eudragit treatment. \*p\<0.05. Survival of (**B**) sex-pooled control and rapamycin-treated mice following the end of treatment. p=0.002. N=38 vehicle injected, N=37 rapamycin. (**C**). Survival of (**D**) male, and (**F**) female control and rapamycin-treated mice following the end of treatment. (**D**) N=20 eudragit males, N=19 126 ppm eRapa males. (**F**) N=18 eudragit females, N=18 eRapa females. (**G**) Forelimb grip strength tests measured prior to treatment initiation (baseline), upon cessation of treatment (3 months), and 3 months after the drug withdrawal (6 months). (**H**) Rotarod performance tested prior to treatment initiation (baseline), upon cessation of treatment (3 months), and 3 months after the drug withdrawal (6 months). Data are plotted with box-whisker plots, showing median, 25th and 75th percentile, as well as individual outliers. Statistical significance was calculated with a linear mixed-effect model, using treatment group, measurement date, and measurement day as fixed effects and individual mice identifiers as random variables. \*p\<0.05 rapamycin vs. control at 6 months. \*\*p\<0.01 rapamycin at 6 months vs. rapamycin at baseline.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.017](10.7554/eLife.16351.017)10.7554/eLife.16351.018Figure 4---figure supplement 1.Food intake of mice receiving 126 ppm eRapa or eudragit control.Food intake measured weekly by weighing the food given to each cage and the food remaining on the wire rack in each cage after 5--7 days.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.018](10.7554/eLife.16351.018)10.7554/eLife.16351.019Figure 4---figure supplement 2.Effects of 126 ppm eRapa treatment on lifespan in male and female mice.(**A**) Survival plots of sex-pooled mice treated with 126 ppm eudragit or eRapa for 90 days starting around 600 days of age. Note: although the curves start at age=0 to represent all of life, we have no data on animals that may have died in this cohort prior to receipt from NIA. Gray box approximately indicates treatment period. N=38 vehicle injected, N=370 eRapa. (**B**, **C**) Sex-segregated survival plots of male (**B**) and female (**C**) mice fed 126 ppm eudragit or eRapa for 90 days starting around 600 days of age. Note: although the curves start at age=0 to represent all of life, we have no data on animals that may have died in this cohort prior to receipt from NIA. Gray box approximately indicates treatment period. (**B**) N=20 eudragit males, N=19 126 ppm eRapa males. (**C**) N=18 eudragit females, N=18 eRapa females.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.019](10.7554/eLife.16351.019)10.7554/eLife.16351.020Figure 4---figure supplement 3.Inclusion of non-age-related deaths does not alter survival outcomes.(**A**, **B**). Survival plots of (**A**) male and (**B**) sex-pooled mice fed 126 ppm eudragit or eRapa for 90 days including deaths during the treatment period from non-age-related causes.(**A**) N=38 vehicle injected, N=38 eRapa. (**B**) N=20 eudragit males, N=20 126 ppm eRapa males.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.020](10.7554/eLife.16351.020)10.7554/eLife.16351.021Table 4.Sex-pooled comparison of median and mean lifespan for mice receiving rapamycin by injection (8 mg/kg/day) or feeding (128 ppm).**DOI:** [http://dx.doi.org/10.7554/eLife.16351.021](10.7554/eLife.16351.021)Median lifespan (days)Percent median lifespan increaseMean lifespan (days)Percent mean lifespan increaseVehicle874892Rapamycin (8mg/kg/day)92259445Eudragit885899Rapamycin (126 ppm)996139688

In parallel with survival, we also examined healthspan parameters in these cohorts. The effects of rapamycin on age-associated decline in muscle function and motor coordination were assessed by testing forelimb grip strength and Rotarod performance. Assessments were performed in the same animals before onset of treatment, at the end of the 90 day treatment, and 90 days after the end of the treatment. While eudragit-fed mice showed a steady decline in both grip strength and Rotarod performance, rapamycin-fed mice scored significantly better than control mice in both assays after treatment ([Figure 4G,H](#fig4){ref-type="fig"}), suggesting that the healthspan promoting effect of rapamycin continues after treatment is discontinued. Furthermore, only rapamycin-fed mice showed a progressive increase in Rotarod performance during the 3 days of training and over the whole study, with mice performing better at 6 months compared to baseline ([Figure 4H](#fig4){ref-type="fig"}, large bracket).

In the course of routine animal husbandry, we noted that mice treated with either rapamycin regimen produced consistently smaller fecal pellets than age-matched controls ([Figure 5A--D](#fig5){ref-type="fig"}). This difference was present in both dry ([Figure 5C,D](#fig5){ref-type="fig"}) and freshly excreted feces ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}), indicating that water content is not a major factor affecting feces size. In addition, feces size was affected independently of the method of rapamycin delivery ([Figure 5C,D](#fig5){ref-type="fig"}), and the effect was persistent after cessation of treatment ([Figure 5---figure supplement 1B,C](#fig5s1){ref-type="fig"}). We hypothesized that changes in the microbiome may underlie this phenotype and therefore analyzed the fecal microbiome for each of the cohorts used in this study by deep-sequencing of bacterial 16S rRNA. Distance based permutation multivariate analysis of variance (MANOVA) ([@bib1]) indicated that rapamycin treatment induced a significant change in the composition of fecal microbiome (p=0.018 for injection cohorts. p=0.015 for feeding cohorts.p=0.005 for pooled cohorts), even after accounting for delivery method and batch effects ([Figure 6---figure supplements 1](#fig6s1){ref-type="fig"}--[3](#fig6s3){ref-type="fig"}).10.7554/eLife.16351.022Figure 5.Rapamycin decreases fecal pellet size.(**A**) Photograph of feces collected from rapamycin-injected and vehicle-injected animals at 3 months of the treatment. (**B**) Photograph of feces collected from rapamycin-fed and eudragit-fed animals at 3 months of the treatment. (**C**) The weight of fecal pellets collected from rapamycin-injected and vehicle-injected animals at 3 months of the treatment. N = 22--24. (**D**) The weight of fecal pellets collected from rapamycin-fed and eudragit-fed female animals at 3 months of the treatment. N = 11. Data are indicated as mean ± s.e.m. \*p*\<*0.05. \*\*p*\<*0.01. \*\*\*p\<0.001.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.022](10.7554/eLife.16351.022)10.7554/eLife.16351.023Figure 5---figure supplement 1.Rapamycin decreases fecal pellet size persistently after cessation of treatment.(**A**) Weight of freshly excreted fecal pellets collected from rapamycin-injected and vehicle-injected male animals at 3 months of the treatment. N = 13 Vehicle, N = 19 Rapamycin. (**B**) Weight of fecal pellets collected from rapamycin-injected and vehicle-injected animals 1 month after cessation of the treatment. N = 71 vehicle female, N = 90 rapamycin female, N = 47 vehicle male, N = 36 rapamycin male. (**C**) Weight of fecal pellets collected from rapamycin-injected and vehicle-injected animals 4 months after cessation of the treatment. N = 22 vehicle female, N = 21 rapamycin female, N = 23 vehicle male, N = 22 rapamycin male. Data are indicated as mean ± s.e.m. \*p\<0.05. \*\*p\<0.01. \*\*\*p\<0.001.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.023](10.7554/eLife.16351.023)

Among the most notable changes in fecal bacterial DNA content seen in the global microbiome analysis was a significant increase in prevalence of segmented filamentous bacteria (SFB, *Candidatus Arthromitus* sp.) in the rapamycin treated animals ([Figure 6A](#fig6){ref-type="fig"}, [Figure 6---figure supplement 2A](#fig6s2){ref-type="fig"}). SFB are intestinal Gram-positive bacteria with a segmented and filamentous morphology, and are not normally present at high levels in aged mice ([@bib11]). The SFB genome lacks a majority of virulence factors and SFB are not invasive ([@bib29]); however, their tight adhesion to the intestinal epithelial cell induces differentiation of host immune cells ([@bib3]). The increase in SFB following rapamycin treatment was confirmed by real-time PCR of DNA from fecal samples obtained from both mice receiving injections or encapsulated rapamycin ([Figure 6B](#fig6){ref-type="fig"}, [Figure 6---figure supplement 2B](#fig6s2){ref-type="fig"}), as well as by semi-quantitative histological scoring of the small intestine in an independent cohort of mice obtained from the Harrison Lab at the Jackson Laboratory and injected with 8 mg/kg/day of for 3 months at the University of Washington ([Figure 6C,D](#fig6){ref-type="fig"}, [Figure 6---figure supplement 2C](#fig6s2){ref-type="fig"}). Since increased SFB DNA was observed both in mice injected with rapamycin and mice fed dietary eRapa, this effect is independent of mode of drug delivery. To the best of our knowledge, this represents the first pharmacological intervention to increase SFB in any animal. It will be of interest to determine whether these and other effects of rapamycin on the microbiome are shared across species and play any causal role in the beneficial or detrimental effects of this drug.10.7554/eLife.16351.024Figure 6.Rapamycin changes the composition of gut microbiota and increases segmented filamentous bacteria.(**A**) Violin plots representing the Log~2~ 16S rRNA gene abundance for operation taxonomy units (OTUs) in fecal samples that are significantly differentially prevalent at a false discovery rate of 0.05 using the R package metagenomeSeq, controlling for the delivery method, gender and mouse batch effects. (**C**) Arthromitus (*Candidatus Arthromitus* sp.) refers to segmented filamentous bacteria (SFB). CT and RP indicate control and rapamycin, respectively. (**B**) The ratio of SFB DNA to total bacterial DNA in fecal samples measured by real-time PCR. N = 32. Data are indicated as mean ± s.e.m. \*\*\*p\<0.001. (**C**) Representative H&E section of the intestine of rapamycin-treated mouse. Arrow indicates SFB attached to the intestinal epithelial cells. Lower right quadrant: magnification of area enclosed in black rectangle. (**D**) Semi-quantitative grading of SFB amount in the intestinal tissue section. 0 indicates the absence of SFB. 1--4 indicates the grades of the SFB amount with 1 lowest and 4 highest. Fisher's exact test p=3.6 x 10^--5^.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.024](10.7554/eLife.16351.024)10.7554/eLife.16351.025Figure 6---figure supplement 1.Effect of rapamycin on the fecal microbiome.(**A**) Heatmap of the Log~2~ 16S rRNA gene abundance by mouse (column) and operation taxonomy units (OTU)s (row). The clustering is done on a subset of the OTUs with total abundance of more than 10 and relatively large variability (standard deviation of more than 1). Batch numbers indicates mice shipped and received into our facility at the same time. Feed and Inject indicate drug delivery via encapsulated feed and via injection, respectively. The hierarchical clustering shows the large effects of drug delivery method and batch effect on the microbial composition. (**B**) Table of P values from multivariate analysis for rapamycin vs. control (treatment), female vs. male (sex), mouse cages received into our facility at different times (batch) and injection vs. feeding regimen (delivery). \*p\<0.05. \*\*p\<0.01. \*\*\*p\<0.001.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.025](10.7554/eLife.16351.025)10.7554/eLife.16351.026Figure 6---figure supplement 2.Bacterial DNA in fecal samples significantly different between control and rapamycin.(**A**). Prevalence distribution of operation taxonomy units (OTUs) (Log~2~ of 16 rRNA gene abundance) in fecal samples that have p-values less than 0.05 using the R package metagenomeSeq, contrasting control and rapamycin group after controlling for the delivery method, gender and mouse batch effects. CT and RP indicate control and rapamycin, respectively. (**B**) The ratio of SFB DNA to total bacterial DNA in fecal samples measured by Real-time PCR divided by sex and treatment method. N = 4--10. Data are indicated as mean ± s.e.m. \*p\<0.05. \*\*p\<0.01. (**C**) Semi-quantitative grading of SFB amount in the intestinal tissue section. 0 indicates the absence. 1--4 indicates the grades of the SFB amount with 1 lowest and 4 highest.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.026](10.7554/eLife.16351.026)10.7554/eLife.16351.027Figure 6---figure supplement 3.Bacterial composition in fecal samples at phylum level.(**A**) Stacked bar plot showing the proportion of phylum within each fecal sample. b1-5 indicate mouse batches that were shipped at a different time. F and M indicate female and male, respectively. Feed and inject indicate drug delivery via encapsulated feed and via injection, respectively. (**B**) Violin plot of Firmicutes to Bacteroidetes ratio in fecal samples. CT and RP indicate control and rapamycin, respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.16351.027](10.7554/eLife.16351.027)

Discussion {#s3}
==========

Taken together, our data demonstrate that a single three-month regimen of rapamycin is sufficient to robustly increase life expectancy in middle-aged mice, comparable to the effects previously reported for life-long treatment, while also improving measures of healthspan and substantially altering the microbiome. This work extends prior evidence indicating that short-term rapamycin treatment can improve health in mice, including one experiment suggesting that 4 mg/kg rapamycin every other day for 6 weeks enhanced survival until around 30 months of age in a small cohort ([@bib7]), and studies reporting improvements in cardiac ([@bib8]; [@bib12]) and immune ([@bib7]) function following transient treatment with rapamycin. In the animals treated with the 126 ppm eRapa diet in this study, the improvements in lifespan and health were achieved without overt detrimental side effects, although it is possible that some side effects were undetected, and we did not explicitly test for cataracts, gonadal degeneration, and other adverse outcomes. In the case of the 8 mg/kg/day injection regimen, serious side effects were noted in female, but not male mice. Intriguingly, a dramatic shift toward aggressive hematopoietic cancers and away from non-hematopoietic cancers was observed in these female mice. This is consistent with a similar weak trend seen in kidney transplant patients receiving rapamycin to prevent organ rejection, suggesting a possible conservation of mechanism and clinical relevance ([@bib25]). Our data indicate a need to carefully consider sex effects when optimizing treatment regimens and mechanism of drug action. They also illustrate the importance of better understanding the effects of mTOR inhibitors on differential cancer risk, particularly as mTOR inhibitors are being tested and used clinically for a variety of purposes including the treatment of some rare forms of cancer. The importance of evaluating potential risks and adverse side effects when developing interventions to promote healthy aging should not be underestimated.

This study extends other recent work aimed at developing mid-life interventions to promote healthy aging. Of particular note are two studies reporting improved healthspan from short-term treatments in older mice with a JAK pathway inhibitor ([@bib33]) and increased lifespan after transient treatment with the NAD^+^ precursor nicotinamide riboside ([@bib34]). From a translational perspective, a healthy aging intervention that can be applied for a relatively short period of time during mid- or late-life is likely to have advantages in cost, practicability and quality of life of people, and we look forward to further developments in this area.

Materials and methods {#s4}
=====================

Mouse lifespan studies {#s4-1}
----------------------

All lifespan and healthspan experiments were performed on 19--20 month old C57BL6/JNia obtained from the National Institute on Aging Aged Rodent Colony. A separate cohort of C57BL6/J ranging from 17 weeks to 100 weeks of age was obtained from the Harrison lab at the Jackson Laboratory for histological analysis of SFB. Animals were housed in individually ventilated cages (Allentown, Allentown, NJ) containing corncob bedding (Andersons, Maumee, OH) and nestlets. Mice were fed irradiated Picolab Rodent Diet 20 \#5053 (Lab Diet, St. Louis, MO). Animals were maintained in a specific pathogen free facility within a *Helicobacter spp*.-free room. Mice were housed in groups (5 per cage at a maximum) and aggressive male mice were isolated to prevent fighting. Mice were acclimatized at least two weeks before onset of experiments. Mice were inspected daily, and medicated for non-life threatening conditions as directed by the veterinary staff. Date of death was recorded when mice were found dead or unlikely to survive longer than 48 hr at the time of inspection. Mice were euthanized according to the following criteria (modified from the Intervention Testing Program protocol \[[@bib16]\]) when they showed one of these symptoms: (1) inability to eat or drink, (2) severe lethargy, as indicated by a lack of response such as a reluctance to move when gently prodded, (3) severe respiratory difficulty while at rest, indicated by a regular pattern of deep abdominal excursions or gasping, or showing any combination of the following features: (a) severe balance and gait disturbance, (b) an ulcerated or bleeding tumor, visible to the naked eye and breaking through the skin of the animal, or rapid weight gain associated with visible or palpable masses, or (c) Body Condition Score equal to 1 or loss of 20% of body weight in the course of seven days. Survival data is shown from the end of treatment (23--24 months of age). Deaths before and during the three month treatment period by group were as follows: 2 vehicle-injected males, 3 rapamycin-injected males, 1 eudragit fed female, 1 eRapa fed male. Sentinel mice (Crl:CD1\[ICR\]; Charles River, Wilmington, MA) were tested quarterly and were negative for endo/ectoparasites, mouse norovirus, mouse hepatitis virus, mouse parvovirus, and rotavirus. Sentinel mice were tested annually for Mycoplasma pulmonis, pneumonia virus of mice, reovirus 3, Sendai virus, and Theiler murine encephalomyelitis virus. All care of experimental animals was in accordance with the University of Washington institutional guidelines and experiments were performed as approved by the Institutional Animal Care and Use Committee.

For the injection experiments, rapamycin (LC Laboratories) was dissolved in DMSO to 100 mg/ml, then further diluted in 5% PEG-400/5% Tween-80 to a final concentration of 1.2 mg/ml, sterile filtered, and stored at −80°C for long-term storage. 37 rapamycin treated mice (17 males, 20 females) were i.p. injected daily for 3 months with 66 µl/10g body weight for a final dosage of 8.0 mg/kg starting at 20--21 months old. 38 Control mice (18 males, 20 females) were i.p. injected with vehicle solution (5% PEG-400/5% Tween-20) for 3 months. For the feeding model, encapsulated rapamycin was obtained from Rapamycin Holdings, Inc. Irradiated PicoLab Diet 20 5053 pellets were ground and mixed with encapsulated rapamycin at 126 ppm. 300 ml of 1% agar melted in sterile water and 200 ml of sterile distilled water were added per kilogram of powdered chow, in order to make pellets. Pellets were stored at −20°C until use. Control food contained the same concentration of agar and encapsulation material (eudragit) without rapamycin at the concentration that matched the rapamycin chow. 37 mice (19 on eudragit, 18 on rapamycin) received assigned diet treatments at 20--21 months of age, lasting for 90 days.

Body weight and food intake measurements {#s4-2}
----------------------------------------

Body weight was measured at least weekly from the beginning of treatment until three months after the end of treatment. For male mice receiving injections ([Figure 1A](#fig1){ref-type="fig"}), at each time point from the start point, sample size was as follows: vehicle N = 19, 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 17, 17, 17, 17, 17, 17, 17, 17, 17, 16, 16, 16, 16, 14, 13, 13, 13, 13, 13, 13; rapamycin N = 20, 19, 19, 19, 19, 19, 19, 19, 19, 19, 18, 18, 18, 17, 17, 17, 17, 17, 17, 17, 17, 17, 17, 17, 16, 16, 16, 16, 16, 16, 16, 15, 15. For female mice receiving injections ([Figure 2A](#fig2){ref-type="fig"}), at each time point from the start point, sample size was as follows: vehicle N = 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 19, 19, 19, 19, 18, 18, 18, 18, 17, 17, 17, 16, 15, 15, 13, 12, 11 vehicle; rapamycin N = 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 19, 18, 18, 18, 18, 17, 17, 17, 16, 16, 16, 16, 15, 14, 13, 13. For mice receiving micro-encapsulated diets ([Figure 4](#fig4){ref-type="fig"}), at each time from the start point, sample size was as follows: eudragit males N= 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 20, 19, 18, 18, 18, 18, 18, 18, 18; eudragit females N= 19, 19, 19, 19, 19, 19, 19, 19, 19, 19, 19, 19, 19, 19, 18, 18, 18, 18, 18, 17, 17, 17, 17, 16, 16, 15, 15; eRapa males N= 19, 19, 19, 19, 19, 19, 19, 19, 19, 18, 18, 18, 18, 18, 17, 17, 17, 17, 17, 17, 17, 17, 17, 17, 17, 17; eRapa females N= 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 18, 17, 17, 17, 17, 17, 17, 16, 16, 16, 16, 15, 15, 15.

Food intake was measured weekly or twice per week per cage by subtracting the amount of food remaining on the wire rack from the amount given 4--7 days before. Average food intake per mouse was calculated by dividing this value by the number of mice in the cage, then averaging all the values from cages hosting mice under the same treatment and of the same sex.

Histopathological analysis {#s4-3}
--------------------------

Gross examination was performed following the natural death or euthanasia of animals. Tissues from mice were fixed with 10% neutral buffered formalin, routinely processed and embedded in paraffin, and stained with haematoxylin and eosin (H&E). 16 rapamycin injected female, 15 rapamycin injected male, 12 vehicle administered female, and 14 vehicle administered male counterparts in the lifespan study were analyzed for tumor incidence and extent by two board certified veterinary pathologists (J.M.S. and P.M.T). 7/15 rapamycin injected male mice were autolyzed to varying degrees, which may have complicated histological detection of systemic neoplasia, although disease sufficient to result in death was determined for 3 of these mice and systemic neoplasia was detected on histological examination of 5 of these 7 mice. Autolysis also complicated the histological assessment of 2 female vehicle treated mice, although systemic neoplasia was detected on histological examination of one of these two mice. Major organs (including decalcified cross section of the head, skin, lung, heart, liver, kidney, spleen, pancreas, lymph node, salivary gland, gastrointestinal tract and reproductive tract) were examined histologically.

For semi-quantitative SFB analysis, 14 female and 16 male mice i.p. injected with rapamycin (8 mg/kg/day, daily for 3 months) and 9 female and 17 male mice injected with vehicle (daily for 3 months) were sacrificed the day after the end of treatment, and H&E sections of the gastrointestinal tract were routinely prepared and examined. The amount of SFB in the intestinal tissue was graded on a 0 to 4 scale, with 0 representing no SFB, 1 representing rare SFB, 2 representing mild colonization by SFB, 3 representing moderate colonization by SFB, and 4 representing severe colonization of the small intestine by SFB.

Images of representative lesions were acquired using NIS-Elements BR 3.2 64-bit and plated in Adobe Photoshop Elements. Image brightness and contrast was adjusted using Auto Smart Fix and Auto White Balance manipulations applied to the entire image. Original magnification is stated.

Rapamycin serum level measurements {#s4-4}
----------------------------------

Fresh blood was collected upon euthanasia via cervical dislocation 24 hr after the last injection, and sera were isolated using serum separators tube (BD, Franklin Lakes, NJ) and immediately stored at −20 C. Rapamycin was extracted with 100 mM ZnSO~4~ at room temperature and analyzed using a Waters 2795 LC/QuattroMicro MS (Waters, Milford MA).

Rotarod assay {#s4-5}
-------------

Mice were tested on a Rotamex V rotarod (Columbus Instruments, Columbus OH) with a constant acceleration of 0.1 rpm/second over a period of four days. On the first day, all animals were allowed to acclimate to the rotarod with a single round of testing. Over the following three days (labeled day 1, 2, and 3) all mice were tested three times, with a 30 min minimum resting period in between rounds. All mice were subjected to rotarod testing prior to initiation of treatment, upon cessation of treatment, and 90 days after cessation of treatment. Individuals running the rotarod test were not blinded to the treatment.

Forelimb grip strength test {#s4-6}
---------------------------

Forelimb grip strength was tested with a Chatillon DFE-050 force gauge (AMETEK, Largo FL). Animals were held by the base of the tail, allowed to grip the bar of the gauge, and slowly pulled away from the testing apparatus with a smooth horizontal movement. Each mouse was tested 5 times per round, and maximum grip strength was recorded. Animals were tested prior to initiation of treatment, upon cessation of treatment, and 90 days after cessation of treatment. At least 72 hr rest was allowed between grip strength and rotarod testing. Individuals running the grip strength test were not blinded to the treatment.

Microbiome analysis {#s4-7}
-------------------

All fecal samples were collected per cage at 3 months of treatment immediately after excretion from the mice analyzed for lifespan analysis and frozen with liquid nitrogen. Microbial DNA was extracted as previously described ([@bib10]). Briefly, fecal samples were collected into 800 µL of lysis buffer (500 mM NaCl, 50 mM tris-HCl, 50 mM EDTA, and 4% SDS), homogenized in a Qiagen Tissuelyser II (Valencia CA), and incubated at 70°C for 20 min. The supernatant was mixed with 1 µL of 2 M ammonium acetate, incubated on ice, and then centrifuged at 16,000 × g for 10 min at room temperature. The supernatant was then mixed with an equal volume of ice-cold isopropanol and incubated for 30 min on ice. The contents of the tube were then centrifuged at 4°C for 15 min to pellet DNA. The pellet was rinsed twice with 70% EtOH and re-suspended in 150 µL of tris-EDTA buffer. DNA was further purified using DNeasy kit (Qiagen, Valencia CA) according to the manufacturer's protocol. For Metagenomic sequencing, sequencing of the V4 region of the 16S rRNA gene was performed on the Illumina MiSeq platform (San Diego CA), as previously described ([@bib10]). The raw metagenome data are publicly available at the European Nucleotide Archive (ENA) database (ERP014805).

Real-time PCR {#s4-8}
-------------

Real-time PCR to measure SFB and total bacterial DNA was performed on a CFX384 Real-Time System with a C1000-Touch thermal cycler (BioRad, Hercules, CA) and a StepOnePlus (Applied Biosystems, Foster City, CA) with a Sybr Green method as previously described ([@bib10]). 10 ng of DNA collected from fecal samples was analyzed. Primers for SFB are 5' TGTGGGTTGTGAATAACAAT 3' and 5' GCGAGCTTCCCTCATTACAAGG 3'. Primers for the detection of total bacteria (16s rRNA gene) are 5' TCCTACGGGAGGCAGCAGT 3' and 5' GGACTACCAGGGTATCTAATCCTGTT 3'.

Statistical analysis {#s4-9}
--------------------

An unpaired two-sample t test was used to compare two experimental groups unless otherwise mentioned. Post-treatment survival data were analyzed using a one-sided Mann Whitney U test (<http://vassarstats.net/utest.html>). Fisher's exact test was used for semi-quantitative analysis of SFB and the incidence of malignancies. Rotarod p-values were calculated by applying the *glht()* function for general linear hypotheses for mixed-effects models from the R multcomp package ([@bib17]) to each of the outputs from the *lmer()* function in the R lme4 package ([@bib5]). For the differential abundance analysis of microbiome population, we used the fitZig() function in the R package metagenomeSeq ([@bib28]).

The [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"} heatmap of hierarchical clustering of 16S rRNA gene prevalence was generated using Euclidian Distance using the R package pheatmap. The shift in the microbial population after controlling for the experimental effect was tested using distance matrix based permutation MANOVA implemented in R package vegan as the adonis() function using the weighted Unifrac distance. Violin plots and stacked barplot were created using R package ggplot2. In the above analysis we removed a library that exhibited signs of experimental failure (total library size \<10000).
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Transient rapamycin treatment increases lifespan and healthspan in middle-aged mice\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom, Amy Wagers, is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Kevin Struhl as the Senior Editor.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The manuscript by Kaeberlein and colleagues investigates the impact on lifespan of transient exposure of older mice to rapamycin (via injection or as a dietary supplement). Assessment of some healthspan metrics (grip strength and rotorod performance) is also included. The authors present intriguing data showing sex-specific differences with high dose rapamycin in terms of lifespan extension and effect on cancer development, and congruent effects on longevity in both sexes with lower dose, oral administration. Finally, they report differences in the composition of gut microbiota that are associated with rapamycin administration. Reviewers agreed that the manuscript has a number of strengths, but also several weaknesses.

In particular, reviewers appreciated the careful assessment of lifespan and cause of death in both sexes, the relatively novel approach of transient rapamycin administration in pre-senescent mice, and the evaluation of rapamycin at different doses and via different routes of administration, which reveal novel information regarding the potential benefits and possible toxicities of rapamycin administration for the treatment of age-associated dysfunctions. Furthermore, the association with changes in microbiota composition present some intriguing potential explanations for rapamycin\'s effects. Yet, this aspect of the study also represents its major limitation, as the authors do not provide any direct link between SFB colonization and lifespan extension. This issue is exacerbated by the fact that the aged mice used for analysis of SFB colonization and lifespan studies derive from different animal colonies. The inclusion of additional data that strengthen the connection between SFB, rapamycin and lifespan regulation is needed. In addition, it is essential to assess plasma levels of rapamycin achieved by the different dosing regimens in male vs. female mice.

Essential revisions:

1\) The major problem in this study is the lack of compelling support for the importance of microbiota for the rapamycin-induced healthspan extension. The association of short-term Rapa treatment with increased SFB is interesting, but the authors have not provided a causal link between the increase in this organism and any of the phenotypes observed. A direct link should be demonstrated experimentally through addition of new experiments, e.g. fecal transfer from SFB monoassociated mice and/or intervention to specifically deplete SFB (if possible).

2\) An additional concern is that the aged mice used for analysis of SFB colonization and lifespan studies derive from different animal colonies (see Methods), making the connection between these observations more tenuous. Confirmation of SFB differences in NIA mice should be added to the manuscript to validate the inferences made in the text.

3\) For [Figure 6](#fig6){ref-type="fig"}, it is unclear if the rapa treatment group represents injected or fed rapamycin, and if males and females are separately analyzed. Please clarify the text on this point. Also, as dietary intake of eRAPA could have distinct effects on microbiota compared to ip injection, the authors should add to the manuscript a comparison of microbiota analyses between these two administration methods.

4\) Since plasma rapamycin levels following oral administration differed between males and females in the Intervention Testing Program, it is important to know the plasma levels achieved following the oral and ip doses given in the current study. This could be part of the reason for the sex effect observed. The authors should add analysis of plasma levels achieved by oral or ip dosing in males and females in the study. Also, as differences in food intake or physical activity/energy expenditure could also provide a possible explanation, measurements of these variables should be added to the manuscript for the two different administration methods.

5\) What were major causes of death in males ip-injected with rapamycin and in both males and females administered with eRAPA orally? Were there any particular causes of death in each cohort? The authors should add this information to the manuscript.

6\) Changes in rotarod performance over time are not adequate to support the improvement in memory formation by transient rapamycin treatment. The authors should tone down their description or conduct appropriate experiments.

7\) Some figures are inaccurately referenced in the text. The authors should check these carefully to ensure accuracy.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Transient rapamycin treatment increases lifespan and healthspan in middle-aged mice\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Kevin Struhl (Senior editor) and a Reviewing editor.

The manuscript has been improved, and most issues have been addressed by new data, revision/clarification of the text, or by explaining why these issues cannot be addressed at the present time. However, there are some remaining issues that need to be addressed before acceptance, as outlined below:

1\) Please edit the title. Since lifespan increases are shown to be sex- and dose-variant in this study, the title should be changed to \"Transient rapamycin treatment can increase lifespan and healthspan in middle-aged mice\". This will help to emphasize the very important points the authors raise in their discussion about evaluating potential risks and side effects of drug interventions for lifespan regulation.

2\) In the new data added in [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"} or [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}, why are there no error bars?

10.7554/eLife.16351.031

Author response

*Essential revisions:*

*1) The major problem in this study is the lack of compelling support for the importance of microbiota for the rapamycin-induced healthspan extension. The association of short-term Rapa treatment with increased SFB is interesting, but the authors have not provided a causal link between the increase in this organism and any of the phenotypes observed. A direct link should be demonstrated experimentally through addition of new experiments, e.g. fecal transfer from SFB monoassociated mice and/or intervention to specifically deplete SFB (if possible).*

We appreciate this concern, and completely agree that addressing the causality of microbiome changes in longevity is of primary interest moving forward. We have attempted to state clearly in the text that we are not claiming causality in this manuscript and, we respectfully note that such an experiment would take more than a year to complete and perhaps up to two years to show effects on survival. However, it is not even currently possible for us to do this, as we are no longer able to get aged C57BL/6Nia mice from the NIA aged rodent colony because they have changed their rules such that an investigator must have a NIA grant approved for vertebrate animals in order to get access to these animals. Despite attempts to get such support from NIA, we do not currently have an NIA grant that qualifies for access to these animals.

*2) An additional concern is that the aged mice used for analysis of SFB colonization and lifespan studies derive from different animal colonies (see Methods), making the connection between these observations more tenuous. Confirmation of SFB differences in NIA mice should be added to the manuscript to validate the inferences made in the text.*

We apologize for not being clearer in our presentation. Increased SFB colonization was observed independently both in the cohort obtained from the Jackson Laboratories (histologically) and in the cohorts obtained from NIA and used for lifespan analysis (via sequencing and realtime PCR). In addition, this increase in SFB associated with rapamycin treatment was observed both in the dietary delivery regimen (NIA mice) and in the daily injection regimen (both JAX and NIA mice). Thus, the effect was reproduced with animals obtained from mouse colonies from two different locations using two different rapamycin delivery methods. We have amended the text of both the results and methods section to make this clearer.

3\) For [Figure 6](#fig6){ref-type="fig"}, it is unclear if the rapa treatment group represents injected or fed rapamycin, and if males and females are separately analyzed. Please clarify the text on this point. Also, as dietary intake of eRAPA could have distinct effects on microbiota compared to ip injection, the authors should add to the manuscript a comparison of microbiota analyses between these two administration methods.

The rapamycin treatment group includes all cohorts for the injection and feeding model. Fecal samples were collected per cage from all the lifespan cohort cages. We have clarified this in the text. The effects of delivery method, sex, batch differences (mice purchased at a different time), and rapamycin are analyzed in [Figure 6---figure supplement 1A, 1B](#fig6s1){ref-type="fig"}, supplement 2B, and 2C. As shown in [Figure 6---figure supplement 1A and 1B](#fig6s1){ref-type="fig"}, the delivery method (injections with solvents or food containing capsules and agar) showed the largest effect on the composition of the gut bacteria. Considering multiple factors, SFB and other strains were identified as significantly more abundant in all rapamycin treated samples as shown in [Figure 6A](#fig6){ref-type="fig"} and [Figure 6---figure supplement 2A](#fig6s2){ref-type="fig"}.

*4) Since plasma rapamycin levels following oral administration differed between males and females in the Intervention Testing Program, it is important to know the plasma levels achieved following the oral and ip doses given in the current study. This could be part of the reason for the sex effect observed. The authors should add analysis of plasma levels achieved by oral or ip dosing in males and females in the study. Also, as differences in food intake or physical activity/energy expenditure could also provide a possible explanation, measurements of these variables should be added to the manuscript for the two different administration methods.*

We are unable to provide blood levels of rapamycin from the mice used for lifespan analysis. However, no statistically significant differences were noted in the trough levels (24 hours post injection) in the separate cohort injected with 8 mg/kg/day i.p. for 3 months and sacrificed for histological analysis. The following chart, reporting these measurements is inserted as [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} as well as included here for the reviewer. Charts describing food intake for the mice on both delivery methods have been inserted as supplements to [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and 4.

*5) What were major causes of death in males ip-injected with rapamycin and in both males and females administered with eRAPA orally? Were there any particular causes of death in each cohort? The authors should add this information to the manuscript.*

We have performed end of life pathology on the male mice injected with rapamycin and their vehicle injected counterparts. Results of the analysis have been added to the manuscript and are reported below for the reviewer's convenience. Regretfully, we are unable to perform a thorough analysis of the mice fed eRapa or eudragit, although gross examination at time of necropsy did not reveal any clear difference between control and treated animals or between males and females. We hope to be able to perform for comprehensive analyses of disease burden at time of death for different doses of eRAPA in the future, pending availability of funding.

The following text has been added to the manuscript: "Both control and rapamycin treated male cohorts had a high incidence of systemic round cell neoplasia and most of them affected ≥2 organs, and had an intravascular component and a morphology most consistent with histiocytic sarcoma, although immunohistochemistry was not performed ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). \[...\] In the male group, no cases of systemic lymphoma with plasmacytoid morphology were seen."

*6) Changes in rotarod performance over time are not adequate to support the improvement in memory formation by transient rapamycin treatment. The authors should tone down their description or conduct appropriate experiments.*

We have removed reference to memory formation and the sentence "consistent with prior studies reporting the improvement of cognitive function in mice treated with rapamycin (*4, 5*)" has been removed from the text.

7\) Some figures are inaccurately referenced in the text. The authors should check these carefully to ensure accuracy.

We apologize for this. We have carefully reviewed the text and made the necessary corrections.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*1) Please edit the title. Since lifespan increases are shown to be sex- and dose-variant in this study, the title should be changed to \"Transient rapamycin treatment can increase lifespan and healthspan in middle-aged mice\". This will help to emphasize the very important points the authors raise in their discussion about evaluating potential risks and side effects of drug interventions for lifespan regulation.*

We agree with this comment and we have changed the title of the manuscript accordingly.

*2)In the new data added in [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"} or Figure ---figure supplement 2, why are there no error bars?*

These graphs report average food consumption per mouse, but food consumption was measured per cage at each time point, as described in the method section "body weight and food intake measurements". We obtained average food consumption values per mouse by dividing the measured intake per cage by the number of mice in each cage, then averaging these values across cages receiving the same treatment. Because of these calculations, we believe that error bars representing standard deviation or standard error would be meaningless and not add any valuable information to these plots.

[^1]: These authors contributed equally to this work.
